Abstract-Interior permanent magnet motors with ferrite magnets and distributed windings can be a cost effective alternative to rare-earth magnet based motors for demanding applications such as automotive traction. Among different rotor topologies, the spoke type may be preferred, due to its advantages for high flux concentration and resistance to demagnetization, when carefully designed. When high speed operation is required, to increase the power density of the motor, the spoke type rotor must be comprised of two sections: a) the ferromagnetic rotor pole to provide the path for the magnetic flux, and b) the non-magnetic rotor support to provide the structural integrity. In this paper, the multiphysics and cost implications of the rotor support material, as part of a high performance ferrite magnet traction motor, are reviewed, and an optimal selection with respect to those criteria is proposed.
I. INTRODUCTION
ERMANENT magnet motors provide a high torque density and high efficiency solution for demanding application such as automotive. However, due to the recent high and unstable cost of rare-earth magnets, the use of ferrite magnets has recently gained research interest, [1] , [2] . Due to the poor levels of magnetic remanent flux density and demagnetization withstand of ferrite magnets, only few topologies, such as a spoke type rotor with distributed windings, can meet the high performance required in an automotive application, [3] , [4] . Furthermore, to achieve a high speed range (to reduce the size of the motor and increase the power density) the spoke type rotor must be comprised of two sections: a) the ferromagnetic rotor pole which provides the magnetic flux path, and b) the non-magnetic rotor support which provides the rotor integrity via a so-called fir-tree feature, [5] .
Despite the good performance of the state of the art example in [3] , the rotor support of this design is made of expensive copper beryllium, which compromises the expected cost effectiveness of a ferrite based design. In this paper, a high performance ferrite based spoke design obtained from a multi-physical optimization is introduced. Furthermore, the optimal material for the rotor support from structural, magnetic, thermal and cost point of view is assessed and proposed.
II. FERRITE BASED SPOKE TYPE MOTOR WITH DISTRIBUTED WINDING
As part of an electric vehicle development project, with the major requirements presented in Table I , a spoke type motor with ferrite magnets and distributed windings has been designed, following a multi-objective multi-physical optimization procedure. The two dimensional (2D) topology is shown in Fig. 1 . To cope with the structural requirements at high speed, the rotor is composed of two parts which are joined via a fir tree root, Fig. 1 . The performance in terms of peak torque at base and top speed, as well as the effects from the chosen one slot pitch skew, are shown in Fig. 2 ; the 1 per unit torque corresponds to the peak transient torque, and is equal to 270 Nm. 
1) Mechanical and fatigue properties
To achieve the optimal fir-tree design in Fig. 1 , a series of structural-magnetic optimizations have been made, using 2D FE tools; the objective was to control the peak stress below the tensile and fatigue limits of the rotor pole and rotor support materials. Schematic illustrations of a tensile stress-strain curve and fatigue stress-life (S-N) curve are shown in Figs. 3(a) and 3(b), respectively.
Some of the early generations of fir tree design are shown in Fig. 4 , where some optimization outcomes such as increasing the bubble cut-out radius, or adjustment of the circumferential teeth height are illustrated. In the design corresponding to Fig. 4(b) , the two top circular cavities, see Fig. 4 (a), have been removed to increase the quadratureaxis inductance and the reluctance torque. The design in Fig. 4(b) is further modified and re-optimized by reducing the number of fir tree teeth from 6 to 3, Fig. 5 , to facilitate tolerance and manufacturability aspects (this design being less sensitive to manufacturing tolerances), while as a result of the process a torque drop of 3% occurred.
The stress distributions in the rotor pole and the rotor support of the latest fir tree generation are shown in Fig. 5 (half a pole is shown due to symmetry), where non-work hardened 316L austenitic steel and M270-35A non-grain oriented electrical steel are, respectively, used for the rotor support and the rotor pole. From Fig. 5 , the maximum stress values in the poles and the rotor support are all lower than the fatigue limits of their respective materials. Furthermore, comparing the proposed rotor design, Fig. 5 , to the state of the art, [3] , the former benefits from about 30% lower stress in the pole segment and 50% lower stress in the rotor support at a same top speed; this opens the possibilities to achieve, even, higher speeds and power densities. 
2) Work hardening and Young's modulus of rotor support
material A metal's effective yield strength often increases after it has been subjected to a certain level of plastic deformation, e.g. 2-5% plastic strain. This is known as work hardening or strain hardening. The mechanism of the work-hardeninginduced increase in effective yield strength is illustrated in Fig. 3(a) . From a structural point of view, work-hardening often brings about the same benefit as selecting a higherstrength material.
Another important mechanical property is Young's Modulus, or Elastic Modulus (E), see Fig. 3(a) . There is little difference among steels of various kinds, having a Young's modulus value range of 185 -210 GPa at room temperature. On the other hand, aluminum alloys have a much lower Young's modulus of 70 GPa; finally the copper beryllium can be ranked between the steels and aluminum, having a Young's modulus of 128 GPa . Fig. 6 shows the effects of Young's modulus and yield strength of various rotor support materials on another important rotor structural parameter, namely the radial expansion. High-speed rotor radial expansion will have a direct impact on a motor's operating rotor-stator air-gap. In the current study, radial expansion levels of a number of different rotor support materials: austenitic 316L (non-work hardened and work hardened) and a higher-strength Nitronic 50 stainless steel, a strong aluminum alloy 2024-T3, and finally copper beryllium, were evaluated by finite element (FE) analyses. The speeds between 15 krpm to 18 krpm are considered in the studies due to safety margin requirements. As can be seen from Fig. 6 , due to their lower Young's modulus, both aluminum (to higher degree) and copper beryllium (to lower degree) rotor supports would produce higher radial expansion levels than those of stainless-steel supports. Among stainless-steel rotor supports, radial expansions are similar until the rotor speed reaches 16.5krpm, when non-work-hardened 316 stainless steel starts to yield and cause the rotor radial expansion to increase sharply. Between the higher-strength Nitronic 50 and the work-hardened stainless steel 316L (with 3% plastic strain), there is very little difference in terms of rotor radial expansions. In fact, a more detailed examination indicates that the 3% work-hardened 316L produces a slightly lower rotor radial expansion than that of a Nitronic 50 rotor.
3) Potential issues with work hardened stainless steels
The strength increase due to work hardening is not always stable, especially if the material is to be exposed to elevated temperatures. In addition, work-hardening may lead to changes in other aspects of the material, such as in microstructure and in other physical and magnetic properties. One potential issue with work-hardening of austenitic steels is the risk of regaining some magnetism. This is due to partial transformation of austenitic phase into martensite as a result of plastic deformation, [6] . The level of regained magnetism depends on the steel grade, plastic strain levels and, ultimately, on the chemical composition and homogeneity of the material, [7] .
For the current rotor design and based on the plastic deformation and fatigue endurance requirements, a rotor support material with minimum yield strength, Ultimate Tensile Strength (UTS), and fatigue limit (fully-reversed cyclic loading) of, respectively, 290 MPA, 600 MPa and 270 MPa is needed. These requirements are slightly above the capability of non-work hardened 316L steel. The UTS and yield strength of some grades of austenitic steels, with and without cold working, are summarized in Table II, [8] . Furthermore, in Fig. 7 the magnetic permeability of these grades for different levels of cold working is shown, [9] , where a homogenous material composition has been assumed. From Table II and Fig. 7 , it can be realized that: a) In the case of 302 and 304 austenitic steels by small to medium levels of cold working (up to 40%), the mechanical property of the steel can, significantly, be improved, while no regain of magnetism is expected; b) In the case of 316L grade, while the mechanical property can, significantly, be improved by cold working, the martensitic phase conversion is quite negligible, even for very high levels of cold working. 
B. Magnetic Analysis
To assess the effect of rotor support magnetic property on the motor performance, the maximum torque at base and top speed was simulated using 2D FE, and shown in Fig. 8 . As illustrated in Fig. 8 , it can be realized that even for a small increase in magnetic permeability of the rotor support, the maximum torque capability of the motor may be significantly decreased, due to the excessive flux leakage through the rotor support. However, as explained in Section A., due to the very low level of work hardening required to achieve the requirements of the design in Fig. 5 , the rotor support made of most austenitic steel grades (316L in particular) is expected to fully retain its non-magnetic property, resulting in no degradation of the electromagnetic performance. 
C. Thermal Performance
In this section the thermal implications of the rotor support material selection are addressed, with a comparison between the state of the art copper beryllium, [3] , and the proposed austenitic steel being made.
1) Electromagnetic losses
The electromagnetic losses in the rotor of a PM machine are due to the magnetic field harmonics that rotate asynchronously to the rotor. As reported in [10] , the designs with fractional slot windings are known to experience higher rotor losses compared to those with distributed windings, due to the rich Magneto Motive Force (MMF) harmonic and sub-harmonic contents inherent in this winding scheme. The rotor support losses for the proposed design, Section II, have been calculated using 2D FE, where the conventional copper beryllium (conductivity of , and the proposed austenitic steel (conductivity of ) have been compared as rotor support materials, and the results are shown in Fig. 9 . As noticed in Fig. 9 , despite the higher conductivity of the copper beryllium, the average rotor support losses are 2.5 times smaller, which is due to the stronger skin/ shielding effect. However, for both materials the rotor support loss is quite negligible, i.e. less than 0.1% of the winding loss at the same operating point.
2) Cooling
Due to the higher thermal conductivity of the copper beryllium compared to the Austenitic steel (200 W/m.K vs. 15 W/m.K), the latter might be a preferable option in designs where liquid cooling via the shaft, such as in [11] , is intended. However, in designs with other methods of cooling, such as the proposed design in section II where the source of heat exchange is located on the outer stator frame, the thermal characteristics of the rotor support would have minimal influences on the general thermal performance. To demonstrate this, the stator winding and the magnet temperature are simulated at two representative operating conditions: a) a continuous operation at 60 kW and 10 krpm (i.e. a relatively, high power and high speed) to represent a severe thermal loading, and b) a continuous operation at 10 kW and 6 krpm (a representative operating point, at which the motor frequently operates) to represent a thermal loading that determines the motor efficiency. As seen in Fig. 10 , the thermal behavior is, almost, identical for the two rotor support materials. It should be mentioned that in [3] , even though no direct shaft cooling is applied, the rotor support material is the same as in [11] , i.e. copper beryllium, which would impose an unnecessary high cost penalty that will be discussed in Section D. 
D. Cost
A major motivation for ferrite based designs is to reduce the overall cost of the motor. Thereby, careful material selection must ensure that such designs do not lose their competitiveness against rare-earth magnet alternatives. The costs of the rotor support for different grades of steel and copper beryllium have been quoted, assuming a volume production of 100,000 motors per year, and are normalized based on the cost of the ferrite magnets per motor design; the results are shown in Fig. 11. It is clear that, a) the cheapest option that fulfills the structural requirements in section A, is the 3% work hardened 316L austenitic steel, the cost of which is 120% of the cost of the magnets, b) work hardened steel is significantly cheaper than using a stronger grade of steel, such as Nitronic 50, and c) the state of the art copper beryllium, [3] , is 5 times more expensive than the proposed austenitic steel option, and, can constitute a cost equivalent to 600% of the magnet costs, which might, significantly, compromise the performance per cost competitiveness of the ferrite based designs. 
IV. PROTOTYPE TEST
Due to difficulties in procuring low volumes of work hardened stainless steel, the more readily available Nitronic 50 was used for the prototype testing. Furthermore, to simplify the prototype manufacturing and customize the testing, a prototype with one fifth of the stack length of the original motor is built, Fig. 12(a) and Fig. 12(b) . In the stator, as only a static testing was intended at this stage, only two coils belonging to one motor phase, have been wound, Fig. 12(b) . Static torque was measured by injecting a DC current corresponding to the peak inverter current, and varying the rotor position for 360 degree electrical period, via the rotary table, Fig. 12(c) .
The variation of the static torque against the rotor position is scaled for the full length machine with all the coils included, and compared against the 3D FE calculations in Fig. 13 . As seen in Fig. 13 , the prototype test results match well with the 3D FE predictions. The 5% difference in the peak torque is, majorly, attributed to, a) the deviation of the magnets and laminations BH data from what was assumed in the FE modelling, and b) manufacturing tolerances such as the small gaps between the magnets and the rotor pole, which were neglected in FE modelling.
To validate the structural integrity of the rotor at high speeds, a testing facility has been arranged, through which up to 18 krpm spin testing of the prototype rotor will be undertaken. Furthermore, to validate the rotor durability (fatigue), a novel test facility is under construction, Fig. 14 , where the dynamic loads during the motor's life will be emulated by applying cyclic radial forces. 
V. CONCLUSIONS
A high performance ferrite design based on a multiphysical optimization has been presented. The high-speed rotor structural performance was shown to benefit from the use of non-magnetic metals of higher Young's modulus and yield strength, especially austenitic stainless steels. A workhardening treatment to the rotor support material also proves to be desirable. It was shown that even a small degree of work hardening can strengthen most grades of stainless steel to fulfill the structural demands of the proposed motor design, without a noticeable change of the magnetic permeability and electromagnetic performance of the motor. Despite the higher thermal conductivity of the copper beryllium compared to austenitic steels, its thermal advantages are minimal when distributed windings are used (to improve the power density of the ferrite magnet design), and/ or cooling means other than direct rotor shaft cooling (such as liquid cooling through the stator housing), are applied. Finally, considering the better structural performance of the austenitic steel, and similar electromagnetic and thermal performances of the aforementioned and the state of the art copper beryllium, the former (in particular work hardened 316L) was shown to be preferable to the latter, due to its up to 600% lower costs.
